Abstract--Clay/electrolyte systems are best characterized using a new variable, notional interfacial content (NIC). The NIC approach emphasizes that any division of the total amount of a species present in a clay/ electrolyte system into that part which 'belongs' to the clay and that part which 'belongs' to solution is necessarily arbitrary. It carries out this division by choosing one of the species as a reference species and defining it as being completely in a notional bulk solution which had the same composition, but not extent, as the real bulk solution. The NIC of each of the other species present, that is that part of their total amount not in the notional bulk solution, therefore represents the amounts of those species 'belonging' to the clay.
INTRODUCTION
Previously, in the characterization of clay/electrolyte systems (classically cation-exchange systems), the particular variables measured have been determined explicitly or implicitly by selection of an exchange model, e.g., Helmholtz or Gouy-Chapman models, etc. Under these circumstances the validity and relevance of variables is dependent upon the correctness of the assumptions inherent in the chosen model. In this paper it is shown how a better, more rigorous approach can be obtained by adopting what is essentially a thermodynamical treatment involving a new variable, notional interfacial content (NIC) . The relationship between the NIC and cation-exchange capacity, negative adsorption, water uptake, exchangeable and adsorbed cations, and ion surface-excesses is explained in detail. Adoption of the NIC concept unifies the three major approaches used earlier, that is, thermodynamic, mechanistic modeling (e.g., the Gouy-Chapman model) and practical approaches.
THE CLAY/ELECTROLYTE SYSTEM
In this paper the clay/electrolyte system is defined as consisting of four components, negatively charged clay platelets, uncharged species (e.g., water), cations, and anions, and, unless stated otherwise, is only considered at equilibrium. Positive charges on the clay are not considered, and to avoid unnecessary complication, weakly dissociating acids and bases are neglected. While it is appreciated that part of the charge upon some clays is variable and pH-dependent, in common with most Copyright 9 1982, The Clay Minerals Society existing modeling studies, only the fixed-charge case is examined.
A generalized model
A generalized clay/electrolyte system allows its ions and uncharged species to reside in a solid phase, a liquid phase (bulk solution), and an interfacial region. In such a system the term phase is applied rigorously as being an environment that is not significantly inhomogeneous (Moore, 1962) . Following existing practice, the solid phase is considered to contain neither water nor ions which are involved in the equilibrium, and the clay platelet is solely a source of negative charge. Species 'attached' to the clay in the sense of a Helmholtz or Stern layer (Helmholtz, 1879; Stem, 1924) are in the interfacial region.
Cation-exchange capacity (CEC)
The CEC of a clay is defined here as the amount of cations equivalent to the negative charge (a) upon unit mass of the clay. For charge neutrality in a system conraining T+, and T_ equivalents of cations and anions, respectively (where T+ = y~ Tk, and T_ = ~ Tk, and k + is any ion), the sum of the positive charges equals the sum of the negative ones. Therefore, T+ = T_ + a, and since ~ =-CEC CEC = T § -T_.
(
Defined in this manner, CEC is a fundamental property of the clay and is independent of the condition of the solution, e.g., ionic strength. This usage contrasts with other uses of CEC (van Olphen, 1977) . In principle, CEC is therefore determinable by measuring the total amounts of cations and anions in the system using, for example, a multiple extraction technique (Zaytseva, 1%2) .
THE NOTIONAL CLAY/ELECTROLYTE SYSTEM
The requirement for a notional clay/electrolyte system, and hence notional interracial content, arises from the need to assign part of the species present in the system to the clay, and the rest to the solution. As this separation is the primary step in characterizing the system, it is essential that the means by which it is performed be applicable to any system. Unfortunately, there is no absolute way of carrying out this separation when part of the clay's negative charge is counterbalanced by ions in solution, and thus, an arbitrary separation must be imposed. Such a step is common in thermodynamical argument, perhaps the most common example being the arbitrary division of a measured EMF for a cell into two half-cell potentials (Willard et al., 1965; Glasstone, 1%2) . Thus, in both the electrochemical and clay cases, there is no additional physical property that would determine how the absolute separation should be made, and hence it can only be made arbitrarily, ff clay/electrolyte systems were known to behave according to the Helmholtz model, an absolute separation could be based on the fact that all the chargebalancing cations reside on the clay surface and hence are physically separable from those in solution. The first task in arbitrarily dividing the total amount of each species between the clay and the solution is to choose one species as a reference species. The reference species can be any of the species present in the system but, as will be demonstrated, the choice ultimately depends upon the use to which the data are to be put. In the electrochemical analogy any half-cell can be chosen as the reference cell, although usually the hydrogen/ proton couple is selected.
The second task is to assume a distribution for the reference species. In the electrochemical case this second task is equivalent to defining both the value of the standard electrode potential of the reference electrode, usually as zero, and the standard conditions under which it has this value, which, where possible, is usually unit molarity for the oxidized and reduced species. For clays, the reference species' distribution is most conveniently chosen so that the reference species resides entirely in the notional system's bulk solution, i.e., the amount in the notional interracial region is zero. The notional bulk solution is chosen to have the same composition, but not the same extent, as the real bulk solution to maintain the notional system as close as possible to the real system. Thus, defining j as the reference species, the amount of a given species, i, in the notional bulk solution can be expressed as the product of Tj, the total mass of the reference species in the system, and Ci0), the concentration of i with respect to j in the real bulk solution. Therefore,
where NICi(j) is the notional interfacial content of i with respect to the reference species, j, and henceforth is written as the i NIC(j). If the reference species itself is considered (i = j), Tj • Cuj) = Tj and NICjo ) = 0, because by definition j is absent from the notional interfacial region. The most useful dimension for NICe(j), and therefore for Ti and T~, is milliequivalents per unit mass of clay, because this value will relate most readily to the units generally used for CEC. It follows that the concentration term, Cuj), will be dimensionless, being a ratio of two equivalents. Although the concentration terms inmore common usage are not dimensionless, there is nothing untoward in the treatment used here. It is worthwhile to underline the generality of the NIC concept. First, the concept applies to any distribution of species; it is not dependent on any distribution model (Truesdale et al., 1982) . Second, the only necessary qualification of the reference species is that it is present in the real bulk solution. The behavior of the reference species is irrelevant and the choice is from any species present. Third, once the reference species is chosen, the NIC of all other species present may be estimated. This includes any mixtures of variously charged species. From Eq. (2), the NICs for a system are determinable in principle by measuring the total amounts of the species in the system by a multiple stripping procedure (Zaytseva, 1962) , or, in the case of water, gravimetrically by heating to dryness, and by measuring the concentrations of the species in the bulk solution. Conventional analysis of the bulk solution will yield concentrations relative to a given volume of solution, and these values will need to be converted to the form required by Eq. (2).
The relationship between NIC and CEC
The CEC equals the difference between the sums of the cation and anion NICs with respect to an uncharged species, e.g., water. Thus, from Eq. 
+
The relationship between NIC and negative adsorption
The sum of the anion NICs (water) helps to explain the phenomenon of negative adsorption. So-called negative adsorption (see below for a clarification of adsorption) is manifest as the increase in the total concentration of anions and cations that occurs when a dry, salt-free clay is added to an electrolyte solution. Earlier workers have tended to describe this phenomenon solely in terms of anion behavior (e.g., Wiklander, 1964) . The relationship is established by applying Eq. (2) 
where AC-(w) is the negative adsorption of anions, expressed so as to take positive values. Since the bulk solution mu st be electrically neutral, this identity is true when AC+(w), the total increase in cation concentration, is substituted for AC_(w). The link between NIC and negative adsorption can be exploited to explain the relationship between work performed under the heading of negative adsorption of anions (Bolt and Warkentin, 1958; Wiklander, 1964) and that under the heading of water adsorption or water uptake (Dufey and Laudelout, 1976; Edwards and Quirk, 1962; Norrish, 1954) . This link has not yet been explained adequately and can give an impression that two distinctly different phenomena exist: water adsorption and anion repulsion. In fact, one approach is the 'inverse' of the other; the two approaches arise directly from the need to choose a reference species arbitrarily. Thus, given that the NICs describe a relative distribution, the above derivation can be rewritten using total anions as the collective reference species, whence,
where ACw(_) is the 'water uptake,' expressed so as to take positive values. Moreover, given the inverse relationship between the concentration of water with respect to total anions and that of the total anions with respect to water, i.e., Cw(-) = l/C_(w), 'water uptake' can be simply expressed in terms of negative adsorption,
ACw(_) _ AC-(w~ or ACw<) _ AC_(w) (Cw(-,)o (C_(w,)f (Cw(-3r (C (w,)o" DISCUSSION
Probably the greatest advantage to be gained from the adoption of the NIC concept is the unification of the three major approaches that are used in clay/electrolyte work. These three approaches arise from earlier work having a predilection for thermodynamics (e.g., Thomas, 1965 ), mechanistic models, e.g., the Gouy-Chapman model (Bolt, 1955) , or practical solutions (e.g., Reitemeier, 1946) for characterizing clay/electrolyte systems. No previous work has provided a means of synthesising these as well as does the NIC concept. Nevertheless, the works of Laudelout et al. (1968) and Bolt (1967) deserve special mention. The former workers, taking a thermodynamic stance, presented an equation which is essentially identical to that for NIC and applied it to practical work. In doing so, however, they appeared to be unaware of its universal applicability to the mechanistic modeling. Moreover, although these workers mentioned the arbitrariness of their approach, they presented it as being of a practical nature and not a fundamental one. Bolt (1967) introduced the concept of ion surface-excesses in the context of the Gouy-Chapman model, claiming that they are 'experimentally accessible.' However, he did not extend it to other mechanistic models, e.g., the Donnan and Helmholtz models (Donnan, 1935; Helmholtz, 1879) , and this concept has remained confined to discussions of the Gouy-Chapman model (van Olphen, 1977) . Moreover, in introducing ion surface-excesses, Bolt (1967) separated them from thermodynamic considerations and apparently did not appreciate their thermodynamic character. This contention is reinforced by the fact that Bolt did not indicate that the ion surface-excesses would be arbitrary, even when he recognized that derivative terms, e.g., adsorbed cations, are. Notwithstanding these points, Bolt failed to state that values for ion surface-excesses are, in fact, experimentally inaccessible without assuming, as the Gouy-Chapman model does, that the concentration of water is constant throughout the exchange system.
It is worthwhile to explain that we were unable to appreciate the true value of the work of Laudel0ut et al. (1968) until well after the derivation of NICs because of confusion over the meaning of the term, adsorbed; at least ten different meanings are in current use: (Overbeek, 1952; Davis, 1945; Yong and Warkentin, 1966; Helmy, 1963; Thomas, 1965; Neal, 1977; Murali and Aylemore, 1981) . Indeed, in one sense this entire paper provides the case for rationalizing the ideas underlying the use of the term adsorption. It separates the older mechanistic meaning, e.g., that associated with the Helmholtz model, from the contemporary need merely for a means of dividing species 'belonging' to the clay from those 'belonging' to the solution.
To emphasize the universal nature of the NIC concept it is necessary to explain how it embraces variables which have arisen earlier from the use of one or other of the mechanistic models, and which it was thought would divide the total ion complement into a part associated with the clay and another with the solution. The terms adsorbed or exchangeable (e.g., adsorbed sodium, exchangeable sodium) used with the Helmholtz model (e.g., Hesse, 1971 ) are equivalent to both cation NIC (water) and cation NIC (anion). In the Helmholtz model all cations that counterbalance the clay's negative charge reside at the clay surface and are therefore not in solution; all of the anions and all of the water are in the bulk solution. Thus, under circumstances where the Helmholtz model is valid the introduction of the notional system, with the need for all the reference species to be in the notional bulk solution, duplicates the Helmholtz model when the reference species are anions or water. It follows that anion NIC (water) and water NIC (anion) are both zero; indeed, this condition offers a good practical test of the relevance of the Helmholtz model. The term, adsorbed or exchangeable cation (e.g., exchangeable sodium), when used with the Gouy-Chapman model (Bolt, 1967; van Olphen, 1977) , is equivalent to cation NIC (anion). Thus the equation provided by Bolt (1967) includes the term, C+o/(C+ o + C++o). For the general case this term gives the ratio of the concentration in the bulk solution of one particular cation to the concentrations of them all. Given the condition of electrical neutrality in the bulk solution, this term is identical to the C~o~ term of Eq. (2) when the total anion complement is the reference species. If the GouyChapman model were valid, the water NIC (anion) and anion NIC (water) would not be zero because a value of zero implies an identical interaction for both anions and water with the clay surface. Also, if values of anion NIC (water) are positive, the Gouy-Chapman model can be dismissed. Given that NICs are entirely arbitrary, one can understand Bolt's (1967) statement that his definition of adsorbed 'contains a somewhat arbitrary element.' It is important to recognize, as established above, that both of the terms exchangeable and adsorbed have been used in a multitude of different ways. Many of these are defined inadequately, and most are not directly relatable to the NIC concept. McConnell et al. (1964) stated that the addition to a mixed electrolyte solution of an inert substance with an uncharged surface results in the larger ions being at a greater concentration in the bulk solution than the smaller ones. This 'geometric' effect is due to the smaller ions having access to the space which is enclosed between the inert substance's surface and one radiusdistance of the larger ion; space denied to the larger ion.
According to this argument, the negative adsorption observed when a dry clay is added to an electrolyte solution represents the sum of both the effect of the clay's electric field upon the ions and the 'geometric' effect. While the theory of McConnell et al. (1964) is interesting and seems to explain a number of otherwise unresolved anomalies, e.g., 'exclusion of aqueous KC1 by blood charcoal,' it is difficult to see how it can operate without involving a charged bulk solution. This problem is particularly evident when an inert and uncharged surface is added to a solution of a single salt consisting of a large anion and small cation. Notwithstanding this reservation, our calculations using hydrated potassium and magnesium ions (which have a relatively large difference in ionic radii), together with the equations of McConnell et al. (1964) , suggest that the effect will be insignificant in clay studies. Thus, if 1 g of powderwithasurfaceareaof8 • 105 m2/kg (approximately that of a smectite) were added to 1 ml of a potassium and magnesium nitrate solution, the Mg concentration would increase by approximately 12% relative to that of the K. Under more typical experimental conditions, e.g., a solid to liquid ratio (w/v) of 0.04, the increase is only 0.2%. Concern for the 'geometric' effect might be the unexpressed reason why in experiments upon negative adsorption some workers (e.g., Bolt and Warkentin, 1958; Edwards and Quirk, 1962; De Haan and Bolt, 1963) preferred to start with the sample of clay already in contact with electrolyte, whereas others used dry clays (e.g., Bower and Goertzen, 1955; Posner and Quirk, 1964; Schofield and Talibuddin, 1948 ). There appears to be no significant difference in the magnitude of the results from either approach. This paper, in common with most earlier work on cation exchange, assumes the absence of any positive charge upon the clay that would involve anion exchange. The effect of allowing for positive charges upon the clay is under consideration. Nevertheless a preliminary analysis shows that whereas Eq. (2) will be unaffected by this change, Eqs. (1) and (3) will need to be modified with a net exchange capacity (cation-exchange capacity minus anion-exchange capacity) replacing CEC. However, Eq. (4), with its assumption that there are no anions upon a dry salt-free clay, will no longer apply.
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